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Abstract 

(line 12, upper left column to line 14 upper right column of page 323) 

The first, third and fifth optical fibers 51, 53 and 55 among the first 
to sixth optical fibers are connected to the first optical multiplexing circuit 
201 having the wavelength dependency of interference type. The linearly 
polarized lights having the polarization surface parallel with the paper 
surface of Fig. 1. of the output lights from the first, third and fifth 
semiconductor lasers 31, 33 and 35 are wavelength multiplexed, to be 
introduced into the seventh optical fiber 57. Similarly, the second, forth 
and sixth optical fibers 52, 54 and 56 are connected to the second optical 
multiplexing circuit 202 having the wavelength dependency of interference 
film type, the linearly polarized lights perpendicular to the paper surface of 
Fig. 1. of the output lights from the second, forth and sixth semiconductor 
lasers 32, 34 and 36 are wavelength multiplexed, to be introduced into the 
eighth optical fiber 58. Each of the seventh and the eighth optical fibers 
has the same characteristic as each of the first to sixth optical fibers. 

The seventh and the eighth optical fibers 57 and 58 are connected to 
the third optical multiplexing circuit 203 without the wavelength 
dependency having polarization surface optical multiplexing circuit 
configuration. The two linearly polarized lights crossing to each other with 
the polarized surface thereof are multiplexed, to be introduced into the 
transmission path optical fiber 59. The transmission path optical fiber 59 
consists of convergence type multimode optical fiber, which has core 
diameter of 50 (jl m, fiber outer diameter of 125 n m and the numerical 
aperture (N. A.) of 0.2. 
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Abstract 



We propose a novel multi-function optical filter for future smart, high density wavelength division 
multiplexed (WDM) communication and network system applications using a Michelson-GT 
interferometer ^MGTI^ MGTI filter is a typical Michelson interferometer in which one of its reflecting 
mirror is replaced by Gires-Tournois resonator (GTR). One unique feature of this. device Is that it can 
function as channel dropping, channel passing and widebandpass filters depending on the interferometer 
arm length difference. The output of these functions is available in a single port. Other interesting features 
of this element are (1) linewidths of both channel dropping and channel passing filters arc twice as narrow 
compared with typical Fabry-Perot filter having similar parameters, (2) visibility of the output for three 
functions is always unity regardless of the mirror reflectance value, and (3) bandpass filter has an excellent, 
near-perfect, box-like response function. Numerical results showing these characteristics are presented 
and other applications are briefly discussed. 
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I. Introduction: 

Optical filter is one key device for future high 
density wavelength-division multiplexed (WDM) 
optical communication and. network systems. In 
order to maximize the present 30-nm 
communication window supported by erbium fiber 
amplifier for WDM network systems, there is an 
increasing demand for new tunable channel passing 
(CP) filters and channel dropping (CD) filter [I] that 
have wide free spectral range (FSR >30 nm), narrow 
linewidth (AX TWHM <0.5 nm), and high signal-to-noise 
ratio (SNR) characteristics. Besides these filters, there 
is also an important need for bandpass (BP) filter with 
excellent, near-perfect box-like response function. 

CP filters access one channel of WDM signal and 
leave other channels undisturbed while CD filters 
perform the reverse functions. Resonant-type filters 
such us fiber ring resonator [1-4] » fiber Fox-Smith 
resonator [5-7] and conventional fiber Fabry-Perot 
resonator (FP) [8-10] are attractive candidates for CP 
and CD filters because they have the potential to 
provide the narrowest linewidth. 

Fiber ring resonator [1] can be made compact, 
easily tunable and fiber-compatible. However, the 
FSR of this device is limited to 21 .6 GHz [4] or less 
due to bending loss coming from it' s short radius (r= 
15 mm). Cracks due to bending, and side-band 
signals due to contra-directional beam are other 
disadvantages associated with this device. On the 
other hand, fiber Fox-Smith resonator in the form of 
coupled fiber Fabry-Perot resonator (CF-FFR, type I 
and type IT) do not suffer from bending radiation 
loss because the resonator arms can be laid straight 
[5]. However, the effective resonator length is longer 

compared with ring resonator or conventional FP 
resonator having similar arm length because of two 
reasons namely ; (1) the light beam travels both arms 
of the resonator and (2) the beamsplitter or coupler is 
positioned inside the resonator. These factors 



decrease the FSR of the device. Although cascading 
two or more fiber ring resonators with different 
radius [1-3] or fiber Fox-Smith resonators with 
different resonator lengths [6-7] can increase FSR, 
this process brings unwanted side-band signals and 
introduces system complication that could negatively 
affect the device* s long-term performance. 

Compared with fiber Fox-Smith and ring 
resonators, conventional fiber FP resonator are more 
impressive device because they are very simple, has 
no radiation loss due to bending and cracks, and no 
polarization-dependent losses. Since, the resonator 
length can be made as short as possible, cascading is 
not necessary. FP filterr with FSR equal or greater 
than 100 GHz have been demonstrated [9] and 
applied to WDM systems [10]. This device can be 
made tunable by either angular scanning[ll] or 
horizontal (sliding) scanning [12]. FP filter has the 
best potential to obtain the narrowest linewidth and 
widest FSR in a simple and stable configuration. 
Unfortunately, just like ring resonator and Fox- 
Smith resonator, FP filter device is a dedicated 
single-function element; For future smart WDM 
system, key optical devices such as optical filters need 
to be arbitrary programmable, at best, or need to 
possess multi- function capabilities, at the least, in 
order to make a very compact, versatile and 
intelligent system. 

The main objective of this letter is to propose a 
novel multi-function optical filter for future, smart 
high-density WDM network systems.. The proposed 
optical filter can function as CP filter, CD filter and 
bandpass (BP) filter depending on a single tunable 
parameter. Other interesting features of this element 
are (1) narrow linewidths of both CP and CD filters 
compared with typical FP filter having similar 
parameters, (2) unity contrast for all three functions 
and (3) excellent, near-perfect box-like response 
function for BP filter. 
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2. Multi-Function Optical Filter: 

The proposed device consists of a typical 
Mtchdson interferometer in which one of its 
reflecting mirror is a Gires-Tournois resonator 
(GTR) as shown Fig. 1- We will refer to this element as 
GT Resonator _ 



interferometer before they are coherently added at 
BS after their respective reflections from M3 and 
GTR. The coherent addition of beams Bl and B2 
leads to transmitted output complex electric field 
E,™ and intensity I„„. given by 




^ = -iS,n| J 



T 

I ,f2k dy-6(R,d)1 



e(R.dj) | 



(3) 



(4) 



E trans 

Fig 1. Schematic of the proposed new multi-function 
optical filter using a Michelson interferometer in which 
one of the reflecting mirror is replaced by GT 

resonator. 

Michelson-GT Interferometer (MGTI) filter. GTR 

[13-14] is basically a lossless asymmetric FP 
resonator with partially reflecting mirror Ml and 
100% reflecting back mirror M2. The complex 
reflection coefficient and the reflected phase shift 0 
of GTR [14] can be derived as 



where 0(R4) is the reflected phase from GTR, Y = 
ALAi is the ratio between interferometer arm length 
difference AL(=L|-Lt) and GTR spacing d, B iK and 
l ix are the complex incident electric field and 
intensity, respectively. In our derivation we assumed 
the whole system to be lossless and the R:T ratio of BS 
is 50:50. As mentioned before, this new element has 
an inherent capability to function either as CP, CD 
and BP filters depending on the value of y or AL as 



E , -»/R+e 



i20 



0(R, d) = - 2 tan 



, loc 1 + 



(1) 



(2) 



where /J (=1) amplitude reflection coefficient, R 
(=p*) power reflectance of Ml, Q=2Kt\d/h= )ei\d. d 
resonator length, \ wavelength, and t\ refractive 
index (=1 for simplicity) of the material inside the 
resonator. The regenerative interference between the 

reflected waves coming fp> m mirrors Ml and M2 is 

the physical mechanism behind the periodic phase- 
versus-frequency characteristic of GTR. 

Light incident onto the MGTI Alter is split into 
two beams Bl and B2 by beamsplitter BS. then 
propagate separately through arms (L, and L,) of the 
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thai MGTI filter can realized by simply changing y. 
3. Numerical Results: 

First, MGTI filter will function as channel 
passing filler when y is 0 or AL = 0. The calculated 
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transmitted intensity as a function of normalized 
frequency (v = dA) for different values of complex 
amplitude reflectance p is shown in Fig.. 2. The 
frequency response of the filter is periodic with the 
normalized frequency (v = dA.).The30.8-nm-FSR is 
obtained if we assumed the center wavelength ^ of 
the light source, GT resonator length d,and refractive 
index -n are given by 1.540 um. 25^ and 1 (for 
FSR = 30.8 ran 



transmitted intensity of MGTI can be seen to be, at 
least, twice as narrow compared with FP's linewidth. 
For the case when p J « 1, the value of the ratio S 
becomes much smaller. This narrower linewidth 
provides significant advantage since it automatically 
doubles the Finesse (F) of MGTI filter without any 
cascading effort. The second interesting feature of 
this CD filter is its contrast or visibility C defined here 




s = Av MOTI =2 
WW 



1-plj 



tan' 



1-P 



+ P J 



q ' 1 Normalized Frequency (v= dfk f 

Fig. 2. Calculated result showing the transmitted 
intensity of MGIT filter when it functions as CP filter 
for three values of p=0.1, 0.5 and 0.9. The contrast is 
always one regardless of the value of p. (FSR ±= 30.8 
nm, d=25 X<pl .540 uin). 

simplicity), respectively. There are two superior 
features of this filter compared with conventional FP 
resonator having similar parameters. The first 
important feature of MGTI-based CD filter is its 
narrow linewidth as shown in Fig. 3a. The transmitted 
intensity of FP resonator for the same reflectance 
values are shown for comparison. The numerical 
ratio S of the linewidth (at FWHM) between the 
MGTI filter and FP filter for same spacing d can be 
derived as 



(5) 



and shown in Fig.3b. Here, we used a simplified 
expression for FP's linewidth Av^* which is valid 
only for the case when (1-p 2 ) « 1. In the limit the 
value of p approaches unity, the linewidth of the 
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Fig. 3. Transmitted intensity of MGTI filter compared 
with FP filter having the same parameter value (a). 
The numerical ratio between the linewidth of MGTI 
and FP filters, as function of p for same resonator 
spacing d is depicted in (b). The MGTI linewidth is, at 
least, twice as narrow compared with FP for p > 0.8. 

as C = [(I„„-Imia)^n I «+I ro in)l, where I m „ and l ain are 
maximum and minimum transmitted intensities, 

respectively. The contrast of MGTI ftlt6f is alWiyS 
unity regardless of the value of reflectance p 
provided that beamsplitter BS has equal splitting ratio 
(50:50 T:R). The above feature is absent in typical FP 
filter since it's contrast is reflectance-dependent as 
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seen in Fig. 3a. Thus we expect the signal-to-noise 
(SNR) of the transmitted intensity coming from 
MGTI f.lter to be far- better than FP filter especially 
when p is within the range of (0.1- 0.8). 

Secondly, MGTI filter will function as CD filter 
for certain normalized frequency range Av=(v,<d/Xo 
< v0 when Y = (2n + l)V4d [or AL=(2n + l)V4] with 
n being integer and \/A is fixed center normalized 
frequency. Within this normalized frequency range 
^ FSR = 30.8 nm 



Although the normalized frequency of CD is not 
periodic for all normalized frequency, the effective 
normalized frequency range Av of CD filter is 4 
times the FSR or nearly 120 nm for the case shown in 
Fig. 4. A wavelength deviation of about 50 nm from 
X, will introduces an insignificant 3.2% phase change 
from */2 term and will not pose a problem for 
channel dropping filter application. 

FSR= 30.8 am 




Normalized Frequency (v= dfk ) 
Fig. 4. Calculated result showing the transmitted 
intensity of MGTI filter when it functions as CP filter 
for three values of p=0-l, 0.5 and 0.9. The linewidth 
and contrast of MGTI-based CP filter are the same 
with MGTI-based CD filter except that transmitted 
output shape is reversed. (FSR= 30.8 nm. d=25 Xq, 
X^= 1.540 urn, n= integer). 
Av, the term k dy in (4) will nearly equal tUI so that 
output intensity is transformed from Sine into Cosine 
function. Just like the case of CP filter, a 30.8-nm- 
FSR filter can be obtained if we set Y = 0.01 with the 
parameters d= 25\, and Xo=V= 1.540 um. The 
calculated transmitted intensity as a function of 
normalized frequency with y = 0.01 for different 
values of reflectance p is shown in Fig. 4. Compared 
with Fig. 2. the intensity output is just the inverse of 
output of CP filter although there "ifi ft 51M11 
asymmetry in the frequency response as the 
frequency departs from dA„. The linewidth and 
contrast are the same as in the case of MGTI-based 
CD filter and superior compared with FP filter. 




Normalized Frequency (v= d/X, ) 
Fig. 5. Calculated result showing the transmitted 
intensity of MGTI filter when it functions as BP filter 
for four values of p=*0.01. 0.1. 0.3 and 0=0.6. The 
output has nearly perfect box-like response with 
linewidtth eaual to FSR when the p= 0.3. 

Lastly. MGTI filter will function as bandpass 
(BP) filter when y= 0.5 or AL=0.5 d. The calculated 
transmitted intensity as a function of the normalized 
frequency for different values of reflectance p is 
shown in Fig. 5. The intensity output has a nearly 
perfect, box-like response with linewidth equal to 
FSR when p is within 0.1-0.3. Compared with other 
methods of generating box-like frequency response, 
the proposed filter is very simple with superior 
characteristics. Increasing the value of p from 0.3 to 
higher value enlarges the edge component 
(sideband) frequencies while decreasing the value of 

P from 0.1 Change the shape of the tnuismitted 

intensity output from square to sine-like shape. 

4. Conclusion: 

As a summary, anew multi-function optical filter 
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is proposed for future smart, high-density WDM 
. applications. The device can function as channel 
dropping (CD) filter, channel passing (CP) filter and 
bandpass (BP) filter depending on AL of the 
interferometer. Linewidths of both MGTI-based CD 
and CP filters are twice as narrow compared with 
typical FP filter having similar parameters. BP filter 
has an excellent, near-perfect, box-like response 
function. Improvement of the linewidth by cascading 
and introduction of runability by sliding method can 
be incorporated into the over-all device. This new 
device can also be used for optical Add/Drop 
multiplexer, wavelength-selective optical switch, etc. 
in WDM system This multi-function device offers 
new design parameters for future intelligent WDM 
architecture which could considerably reduce the 
number of optical components needed in total 
system, reduce cost and size, and offer system 
flexibility. Fiber and waveguide implementations of 
the proposed filter are also possible. Variation using 
polarization elements and GT is also straightforward. 
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